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@¾¿^lh�§=¨��¹£	¯C©Ô£���^`�X��� I # '�(CY=TCi���� I # '!A 
�(KIdY@�bM�_\uKuC_3h�^`VWM
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YÅ[	�v[	rfM�_b� #?e�YbTdiÂY!Ç�XW�dTKTK^fTKg-VW_bVZYbr È�h�VW_bXZM;h�VWIKM!Tj�KLQ�1M%Xµ_=�q_bXZ^fM%T3VWM)iÉM;ivg\M;h�VZIdY�V��CM;r`_\TKg7VZ_ #
^fT-VZIKMQhW�K�vVWXZM%M\��Ó�^`g\�KXZM���gb^f�bM)hqY�XZM%uKXZM;hWM%T3VcY�VW^f_bTÃ_b��VZIKMµidY�VZY�hoVZXW�d[	VW�KXZMQYbuKuKrf^`M)i�VW_5VZIKM�^fTj�bM%XchWM
u1M%XZLQ�KVZY�VZ^`_\TÅ_b��Ó�^`g\�KXZMN��¢«XZ^fgbI3VwhW^livM)°	e¿h�udr`^`V�^`T´Vo�¡_��Krf_v[cÀjh;�NÑ/�Ch�M;XW�\M�VWICY�V��¡M�iv_�TK_bVwTdM%M;iÅVW_
ÀjTK_�� VWIKM�Tj�KLµ�CM;Xq_=��Y=rfr�_bXZ^`M;T3VWM;i�M;ivg\M;h;ev_bTKrf�5_b��VZIK_\hWMw��IK^f[cIÃY=XZMw^`T�#?�

RUTÃVZIK^fh���Y@�\ejVWIKM��«_brfr`_���^fTKg�Í3�KM%XZ^`M)hqY=XZM�Yb[cIK^fM%��Yb�Kr`M�^fT�VWIKMµhWYbL�M���Y@�beKYbTdi-hZY=LNM�[	_bLNuKrfM	sv^`Vo�be
Y\h�^`TaT¦z UÔ�
�¡× � ����� � ����� � © �l®-�d§@®c®��0�	¬f£5©U§G=�¯E§ % �ö¯ÆÐc§�¯d®]©ÔÏ=¯d©q©�� �N£ %�ªK£%©öªd£	¨�©«ªK£%¨W£ �l®�ÏÃ¨Z£���§���Ï�%¬`£�Ð��bÐ%¬`£
�ö¯����¡Ï�¯8��©U§-�*�¹Ð+=�§�¯E£�®]dÐcª7Ð��bÐ	¬`£E�ö¯Å©�� ��£/¶N·¹»`¼\½9¸¿¾%¤
³�^`VWIÃVZIKM�YbiKiK^ÁVZ^`_\TdY=r8GCYbg\h;evY=Tdi�uKXZ_v[	M%M)iv^fTKgµM%sKYb[]VZr`��^`T�VWIdM�hWYbL�Mw��Y@�bej��M�ICY@�bM�VWIdY=V�h

�¡× � ����� � � ©d�l®i�d§@®c®��0�	¬f£Q©U§�==¯1§ % �ö¯�Ðc§�¯d®]©ÔÏ=¯d©9©�� ��£ %�ªd£	©«ªK£%¨�©«ªK£%¨W£��l®µÏ5¨W£���§���Ï�%¬`£NÐ��bÐ	¬`£N§@b"�
�ö¯ #���Ï=¯*�1� bw©öªd£	¨Z£ �l®QÏ�¯ � �9©U§C�*�¹Ð+=�§�¯1£�®]dÐZªÅÐ��bÐ%¬`£��ö¯7©�� �N£�¶N·«»f¼b½¡¸¿¾%¤
�¡× � ����� ��� ©��l®��d§@®c®��0�%¬`£Ê©Ô§:Ðc§�¯C©á¨WÏ\Ð	©-Ï:Ð��bÐ%¬`£�Ï�¯8�B��Ï��ö¯C©ÔÏ!�ö¯ ©«ªK£ �\Ï�©UÏ�®]©+¨]dÐ	©+v¨W£<�ö¯ ©�� �N£
¶N· º ¸w»`¼\½�¸�¾%¤

��¨W§;§@b	¤ Yqrfr¿��M�ICY@�bM�VW_NL�Y=^fT3VZY=^fT-Ybh�^fTv�«_bXZL�Y�VZ^`_\T!�1M;hW^fiKM;h���IdY=Vq��Y\h�iv_bTKMw^fTaT z�U¿^fhq��IKM	VZIKM%XqYbT
M)ivgbM�^lh�^`T #?��RUT�_\XZiKM%X�VW_�iv_�VZIK^fh;eb��M�no�dh�V9TKM%M)i�VZ_�XWM;LN_��bM�Y=T�M;ivg\M¡�«XZ_bL #���IKM;T�^`V�^lh?[	_bT3VZXZY\[]VWM)i
YbTdi�VZIKM%TµVW_w�KuEiKY=VWM�VWIKM�XZ�KTKTK^fTKg/VW_bVZY=rlh;��H�IKM�Tj�KLQ�1M%X?_b�dM%rfM%LNM;T\Vch�_=��#!^fh�VWIj�dh?iKM;[	XZM;Y\h�M)i��j��_bTKM

õ�����õöÿ
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0

0

x

oriented

1

or

flags: number of edges of C in subtree
total

C

2

flag: oriented edgeflag: edge in C

1 2

1

4

1

1

2

2 24

or

or or

or
C

C C

C C

CC

C

Ó�^fgb�KXZM��^h�H�IKM�iKY�VcY5hoVZXW�C[]VW�dXWMw�«_\XqVWIdMQu1M%XZLQ�vVcY�VW^f_bT-_b��Ó�^fgb�dXWMµ�7¢«XZ^`g\I\V�h�^livM)°qY�VqVZIKMQ�1M%g\^`TKTd^`TKg
_b�¿VZIKM�Y=rfgb_\XW^`VWIKL ¢¹Y=rfrËM;iKgbM;h�YbXWMw^fT #¿°	�

^fT�Y=rfrvVWIdM��Kr`_v[cÀvh�[%_bT3VZYb^`TK^fTKg�VWIdMq[	_bT3VZXZY\[]VWM)iµ[%�v[	rfMbebYbTdi��¡Mq[;Y=rl[	�KrlY�VZM¡VZIKM�iv^��EM%XZM%Td[%M��CM%Vo�¡M;M%T�VWIKM
Tj�KLµ�CM;X�_b��M;r`M;LNM%T3VZh/^`T #�YbTdi�VWIKMQ�«_bXZLNM%XqTj�KLµ�CM;X/_b�?[%_bT3VWXcYb[	VW^f�KrfM�[	�v[	rfM;h�^`T #ÂY�V/M;Yb[cI�GC^`uKu1M;i
�dr`_v[cÀE� �

Ó�^fgb�KXZM�zÃXZM%udXWM)h�M;T\Vch�VZIKM!iKY=VZY´hoVZXW�d[	VW�KXZM�Y=V�Y7rlY�VZM%X�hoVZM%u�^fT�VZIKM!Ybr`g\_bXZ^ÁVZIKLÃ� Y�h�ivM;hZ[	XZ^f�CM)i
�1M	�«_\XWM\e�VWIKMÅYbr`g\_bXZ^ÁVZIKL uK^l[cÀvh5[	�v[%r`M)h � Y=Tdi Q-e�XZM%LN_��\M;hµVWIKM;LÃeqY=Tdi�hW^`TC[	MÃVWIdM%XZM7^fh5TK_�_=VZIKM%X
XZM%LN_���Y=�dr`Mw[	�v[	rfMbevXZM%udrfY\[	M;h¡VZIKM%LÃ�9H�IKMwXZM;hW�Kr`Vq_=�¿VZIK^lh�^fh�h�IK_���T!^`T�VZIKMw²dgb�dXWM\�
��� ×jÛ � × � 	 �EªK£%¨W£�£ZÎ?�l®c©á®¡Ï�¯5Ï=¬ ¥\§=¨��ö©öªJ�#%�ªL�¹Ðcª���¯8�@®¡Ï/©Ô§=©ÔÏ=¬=®%§�¨]©��ö¯3¥/®%£�%d£	¯EÐZ£;�ö¯N©�� ��£�¶N·«¸ º ¸w»f¼b½�¸¿¾;¤

��¨W§;§@b	¤ ³´M/²dXchoV¡²dTdi�YµL�Y�sv^fLNYbrd��Y=rf^li�hWM;Í3�KM%TC[	M = I ��������� =JK ��H�IK^lh�VcY=À\M;h¡¶N· � º ¸w»`¼\½�¸¿¾�VW^fL�M\�?RÔ�
VZIKM�h�M)Í3�KM%Td[%M/^lh�VW_bVZYbráev��M�YbXWMwiv_\TKMb�9Ñ�VWIdM%XZ��^fhWMbej��MwYbXWM�rfM	�öV���^ÁVZI-YµhWM	V #7_=���KTKXZM%LN_��bM)i�[%�j[%r`M)h%�

³�M5LQ�ChoV�VZIKM%TÉ^livM%T3VW^`�«� = � ^`T�VZIKM5h�M)Í3�KM%Td[%M5h��C[cIÅVZIdY�V�VZIKM%XZMN^fhQYÃXWM;L�_���Yb�Kr`MN[	�v[%r`M�^fT # ^fT
= � � I ����� = I �?ej��^ÁVZI �ËL�Y�sv^fLQ�KL �«_\X�VWId^fh¡uKXZ_bu1M%XWVo�b��H�IK^fh�[%YbT��CM�iv_bTdM��j�µud�vV�VZ^`TKgµ�dYb[cÀÃ¢¹YbuKuKrf�j^`TKg
VZIKM7XZM%�\M%XchWYbrfh�Y=g3Y=^fTC°�_bTKM-�j� _bTKMÃVZIKM7XZM%LN_��bM)i [%�j[%r`M)h = K ��������� = � eq[cIKM)[cÀj^`TKgÂY=V5M;Yb[cI�h�VWM;u ¢¹^`T
[%_bTdh�VZYbT3VµVZ^`LNM)°µ^`�/VZIKM%XZM�^fh�Y´XWM;LN_��@Yb�KrfM![	�v[%r`MÃ^fT #?e¡YbTdiÆh�VW_\uKuK^fTKgÉYbh�hW_3_\T Y\hµ_\TKM�^fh��«_\�KTdiË�
H�Id^fh�^lhqY\[cIK^`M;��Y=�KrfMw^`T�VW^fLNMµ¶N·�· � % �á¾ º ¸w»f¼b½�¸¿¾	�¡H�IKM�hWM;Í3�KM;Td[	M = K ��������� = � ^lhqY�h�M)Í3�KM%Td[%M�_=��®%Ïcb	£
[%_bT3VWXcYb[	VW^f�KrfM�XZM%�\M%XchWYbrfh¡�«_\X"��� I eCY=TCi!^lh�²KsvM)i!_\Td[	Mw�«_\XqM%�\M%X)��RÔVq��^fr`r�XWM;uKXWM)h�M;T3V�VZIKM�rlYbh�VqXWM;�bM;XZhZY=rlh
_b��VWIdMQ²dTCY=r?h�M)Í3�KM%Td[%Mb��RÔVw^lh/Td_=VwL�_viv^`²dM)iÅTK_\X/rf_j_bÀ\M;i7Y=VwYbT3�jLN_bXZMQ^fT7VZIKM�Y=rfgb_\XW^`VWIKLÃeËY=TCi-VWId^fh
Ybr`rf_��qh¡VW_NL�Y=^fT3VZY=^fT�VWIKM�[%_bLNuKrfM	sv^ÁVo�\�

��� ì�j^k]ý�(�l
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0

0

x

oriented

1

orC

2

flag: oriented edgeflag: edge in C

1

1 1

2

or orC

C C

C

running totals: number of edges of C in subtree
total

0

2 1

1

2 1

Ó�^fgb�KXZM�zJhNH�IKM�idY�VZYÅhoVZXW�d[	VW�KXZM��«_\X�VWIKM!uCM;XWLµ�vVZY=VW^f_bTÂ_b��Ó�^fgb�KXZM��Â¢¹XW^fgbI3VµhW^fiKM)°�Y=VµY-rlY�VWM;Xµh�VWM;u
_b��VZIKM�Y=rfgb_\XW^`VWIdL�ev��IdM%T7[	�v[%r`M)h�� YbTdi Q IdY@�bMw�1M%M%TÃXZM%LN_��bM)iËeKY=TCi�VZIKM%TÃXZM%uKrlYb[%M;iÉ¢«�d�vV�XZM%L�Y=^fT
XZM%LN_��\M;i��«XZ_bL #�°	�

³�M�VWIKM;TÅIdY@�\M�VW_!XWM;LN_��bMbe1��IK^fr`MµVWIdM%XZM�YbXWM�Y=Tj�beEXZM%LN_���Y=�KrfMQ[	�v[%r`M)h�^fT�#?��H�IK^lh�r`M)YbiKh�VW_!VWIKM
hWM;Í3�KM;Td[	M =LK � I ��������� =JK�� ��Id^f[cI���M9^fTdhWM%XWV�Y��öVZM%X�VWIKM�h�M)Í3�KM%Td[%M = I ��������� =�� � I e���IK^fr`M�Y�V¿VZIKM¡hZY=LNM?VZ^`LNMiKM%rfM	VW^fTKg�^`V��«XZ_bL #�^`T�VZIKM9hZY=LNM?��Y@���¡M?IdY@�\M?Y=rfXWM)Ybiv��hWM%M;T���RÔ� = I ��������� =�� � I � =JK � I ��������� =LK�� � =�� ��������� =LK^lh�VW_bVZYbráev��M�Y=XZMwiK_bTKM\��Ñ�VZIKM%XZ��^lh�M\ev�¡M�h�VZY=XWVqY=g3Y=^fT�XZM%uKrlYb[%^`TKgµVWIdM�XWM;L�_��\M;i![	�v[	rfM;h�_\TKMw�3��_bTKMw^fT
VZIKM�XZM%�\M%Xch�M�_\XZiKM%X��K�KV�h�VZYbX�VZ^`TKg�VWIK^lh��«XZ_bL � ��¢öVZIKM/hWM;Í3�KM;Td[	M =�� ��������� =JK ^lh9TK_bV9VZ_b�d[cIKM)i�Y=Tj�jLN_bXZM)°]�
³�M�iv_µh�_��KT3VZ^`rCVWIKM;XWM�^fh¡Y�XWM;LN_��@Yb�KrfM�[%�v[	rfMq^`TNVZIKM�TdM%� #?e\Y=TCi�hoVcY=XWV¡Y=g3Y=^fT���Id^`rfM$#Ã^fh9TK_=V9M;LNuvVo�b�

�9Y\[cI [%�j[%r`M�^fTÆVZIKM�hWM;Í3�KM;Td[	M�^lhµXZM%LN_��\M;iÉ_bTC[	Mbe¡Y=TdiÆXWM;uKrfY\[	M)iÆY�VNLN_\h�V�_\Td[	M!^`T VWIdM!��IK_\r`M
udXW_v[	M)iv�KXZMb�?H�IKM�VW_bVZYbr�[	_bLNuKrfM	sv^`Vo�5^lh�VWIKM;T7¶N·«¸ º ¸w»`¼\½�¸�¾]� �

H�IKM�XWM;LNYb^`Td^`TKgÃ�1_=VWVWrfM%TKM)[cÀ´_b�¡VZIKM5TKM;� Ybr`g\_bXZ^ÁVZIKL#^lh�TK_�� VWIKM![	_bLNuKrfM	sv^`Vo�ÅY�VµM;Yb[cIÉh�VWM%uÂ_b�
YbuKuKrf�j^`TKg´Y7XZM%�bM;XZhZY=r�VW_ÅYÅuCM;XWLµ�vVZY=VW^f_bTÆYbTdiÂ_=�qÀ\M%M;uK^`Tdg-VWIKM�h�M%Vµ_b��[	_bT3VZXZY\[]VW^f�KrfM5_bXµXWM;LN_��@Yb�KrfM
[%�v[	rfM;h;� H�IK^lh�^lh!��IdY�V�IdYbh�VW_ �CM´^`LNuKXZ_��bM)i ^`T�VWIKMÅ�«�vVW�KXZM�^Á��_\TKMÅ��^lh�IdM;h�VW_Æ_\�vVZYb^`TñY�rf_��¡M;X
VZIKM%_\XWM%VW^l[%YbrE[%_bLNuKrfM	sv^`Vo���«_bXqhW_bXWVW^fTKg�YNh�^fgbTKM)i�u1M%XZLQ�KVZY�VZ^`_\T!�j�5XZM%�\M%XchWYbrfh;�
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T`��U �µ� Y��!\�YbivM;X;e!\�� ]Â� �q�!]-_bXZM	V�Y=Tdi�]Â� _9Y=T�e)Ç@Y r`^fTKM)Y=XWaáVZ^`LNM¡Ybr`g\_bXZ^ÁVZIKL:�«_bX?[	_\LNuvVW^fTKg�^`Tj�bM;XZhW^f_bT
iK^fh�VZYbTd[	M��1M	Vo��M%M;T�hW^`g\TKM;i�u1M%XZLQ�vVcY�VZ^`_\Tdh���^ÁVZI-Y=TÃM	svu1M%XZ^`LNM%T3VcY=r�h�VW�div�\È]e ��¨W§)Ðc£Z£��!�ö¯3¥=®µ§cb�©«ªK£
� ©öª���§=¨ =@®Wªd§2�Æ§�¯ � ¬ ¥3§�¨��ö©«ªL�µ®µÏ�¯8����Ï�©UÏ � ©á¨]dÐ%©áv¨Z£]®q¢á�b{b{d�)°]eKO?g\z��jO3}!gK�

T ��Uwm�� \�M%XZL�Y=T�Y=Tdi�ÕE�vp�Y=TdTKM%TKICY=rfr`^+e=Ç�ÓCYbh�V�hW_bXWVW^fTKgQ�j��XZM%�\M%XchWYbrfhoÈce ��¨W§)ÐZ£c£����ö¯j¥�®Q§@b/©«ªK£ � ©«ª � ����'
�d§@®��öJ� §�¯ ��§�� ���ö¯EÏ�©U§�¨��¹Ï=¬ ��Ï=©á©U£	¨]¯ �ÅÏ=©ÔÐcªL�ö¯j¥/¢��;|\|g\°	e � M;[	VW�KXZM ��_=VZM;h�^`T"!¡_bLNuK�vVZM%X?Õv[	^fM%Td[%Mbe
�\_br+�Ë�;{j}=zveE� g � �E� � zv�

T O!U�ÕË��p�YbTKTKM;TKIdY=rfrf^9Y=Tdi�m���m�M;�jÒ%TKM;X;eEÇ�H�XZYbTdh��«_bXZL�^fTKgÃ[%Yb�K�dY=g\MN^`T3VW_ÃVZ�KXZTK^`u ¢¹uC_\r`�jTK_\LN^fYbr9Y=rfgb_ba
XZ^`VWIKL �«_bX�h�_\X�VZ^`Tdg�h�^fgbTKM)iNuCM;XWLµ�vVZY=VW^f_bTdh9�j�µXZM%�\M%XchWYbrfhoÈce ��¨W§;Ðc£c£����ö¯j¥�®�§cbq©«ªK£	� � ©«ª � � � � ����'
�d§@®��öJ�Ì§�¯ �1ªd£c§�¨��!§@b���§��,�1v©��ö¯3¥�¢��;|b|3zb°	eË�@} � �1� � |K�

T �U�pQ�Z�Y=udrfYbT�e=t��bÕjIdYbLN^`X?Y=TCiµt�� �q�bH�Y=Xán�Y=T¿e%Ç�ÓCYbh�VWM%X?YbTdiQhW^`LNuKrfM%X�Ybr`g\_bXZ^ÁVZIKL:�«_bX�hW_bXWVW^fTKg/hW^fgbTKM)i
u1M%XZLQ�KVZY�VZ^`_\Tdh��j��XZM%�\M%XchWYbrfhoÈce � ��� ��
v§�v¨]¯1Ï=¬¿§�¯ �?§!� �Ev©��ö¯j¥��=|Ã¢��;|b|\|\°	e � � {=a � |\�v�

T z�U�pQ�DZ�Y=uKrlY=TÂY=TCi �q�[`?M%XZ�K^`T�Ç����5[%^`M;T\VNiKY�VcYÅh�VWXZ�d[]VZ�KXZM;h�YbTdi�Y-TKM;�±XZYbTdiv_\L�^fÒ%M)iÂY=uKudXW_3Yb[cI
�«_\XµhW_bXWVW^fTKgÅhW^`g\TKM;iÉu1M%XZLQ�KVZY�VZ^`_\Tdh��j��XWM;�bM;XZhZY=rlhUÈ]e���¨W§;Ðc£c£����ö¯j¥�®�§@b5©«ªK£���d©öª � ��� �d§@®��öJ� §�¯
��§!� ���ö¯1Ï=©Ô§=¨��¹Ï�¬ ��Ï=©á©U£	¨]¯ �ÅÏ�©UÐZªJ�ö¯3¥µ¢á�={\{bO3°]e � M;[]VZ�KXZM �q_=VZM;h?^fT !¡_bLNuK�vVZM%X¡ÕK[	^fM%Td[%Mbeb�\_br+�\�!gj}�gde
��}�{��1� � zv�

T g!U�]��qÑ/Ò;M%XZ�3aÔÓ�rlY�VW_ Y=Tdi t���ÕvIdY=LN^fX;e�Ç�H��¡_ÆTK_=VZM;h�_bT g\M%TK_\LNMÅXZM;Y=XZXcY=TKg\M%LNM%T3VoÈ]e�
j§=v¨]¯1Ï=¬w§@b
� �¹§��ö¯ b	§�¨���Ï�©��¹Ð]®�Ï�¯8� ��§��,�1v©UÏ�©��¹§�¯EÏ�¬�� �¹§�¬f§W¥��e���¢+�={b{\O\°	eC}j���v|=�C�

��� ì�j^k]ý�(�l
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